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Abstract
Molecular modiﬁcations to the structure of histone proteins and DNA (chromatin) play a signiﬁcant role in regulating the transcrip-
tion of genes without altering their nucleotide sequence. Certain epigenetic modiﬁcations to DNA are heritable in the form of genomic
imprinting, whereby subsets of genes are silenced according to parent-of-origin. This form of gene regulation is primarily under matri-
lineal control and has evolved partly to co-ordinate in-utero development with maternal resource availability. Changes to epigenetic
mechanisms in post-mitotic neurons may also be activated during development in response to environmental stimuli such as maternal
care and social interactions. This results in long-lasting stable, or short-term dynamic, changes to the neuronal phenotype producing
long-term behavioural consequences. Use of evolutionary conserved mechanisms have thus been adapted to modify the control of gene
expression and embryonic growth of the brain as well as allowing for plastic changes in the post-natal brain in response to external envi-
ronmental and social cues.
 2008 Elsevier Inc. All rights reserved.
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1. Introduction
There has been an exponential growth in research on
epigenetics at the molecular level which has focussed on
the study of covalent and non-covalent modiﬁcation of
chromatin, notably DNA methylation and the acetylation,
methylation and phosphorylation of histone proteins that
inﬂuence overall chromatin structure and hence gene
expression [6,11]. Such epigenetic mechanisms maintain
tight control over gene transcription in pluripotent cells
of all multicellular organisms. Chromatin structure is, how-
ever, dynamic and can be inﬂuenced by the environment,
raising the possibility that acquired changes through the
physical and social environments can produce lifetime
changes in phenotypes that may even be passed on to the
next generation.
In this paper, we discuss how both heritable and non-
heritable epigenetic processes have been critical in shaping
mammalian brain evolution and behaviour. We propose
that genomic imprinting, the epigenetically regulated par-
ent-of-origin speciﬁc expression of genes, coadaptively reg-
ulates the mammalian embryonic development and
reproductive behaviour. We also consider how mammals
are able to demonstrate extensive plasticity in behaviour
throughout life as a consequence of environmental experi-
ences inducing non-heritable changes in those epigenetic
mechanisms regulating gene transcription in post-mitotic
neurons. The ‘‘agouti” locus is one such example where,
in mice, genetically identical parents with agouti genes in
diﬀerent epigenetic states produce oﬀspring with diﬀerent
and variable coat colour [111].
Epigenetics pervades all aspects of development includ-
ing the brain. The mammalian brain is very special in this
context and diﬀers from that of other vertebrates in that it
develops intimately within a maternal environment both
pre-natally in-utero and post-natally during suckling. The
human brain is further exceptional in that development
continues long beyond weaning and parts of the cortex
undergo radical reorganisation during the post-pubertal
period [95]. Human studies with monozygotic twins have
linked the environment to long-lasting epigenetic eﬀects
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phrenia, manic depression) is not concordant for geneti-
cally identical twins [12]. Moreover, it has recently been
shown that young identical twins have similar amounts
of epigenetically methylated DNA, but with ageing they
diﬀer signiﬁcantly both in the amounts and the patterning
of DNA methylation, and hence gene expression [32]. Epi-
genetics is not unique to mammals since the whole develop-
mental process of multicellular organisms, invertebrate or
vertebrate, requires that developmentally important genes
are sustained in an epigenetically silenced state in pluripo-
tent cells, such as stem cells, in order to be activated later.
2. Epigenetic mechanisms
There exist a number of mechanisms regulating the com-
plex spatial and temporal pattern of deoxyribonucleic acid
(DNA) transcription, which are critical for cellular and tis-
sue diﬀerentiation. Some of these mechanisms can be
classed as ‘epigenetic’, deﬁned as those modiﬁcations to
DNA or the nucleosome that do not alter the sequence
of nucleotides, but do modify the transcription of genes.
Signiﬁcantly, these modiﬁcations can be extremely stable,
being transmitted in non-neural tissues from mother to
daughter cells, and in post-mitotic neurons permanently
modifying the phenotype. It is also becoming clear that
some of these epigenetic modiﬁcations in the brain are
responsive to environmental factors, creating long-lasting
stable eﬀects on neural phenotypes and behaviour [45].
Within the cell nucleus, DNA is not freely moving but is
found within nucleosomes [52,35,66]. These comprise
approximately 147 nucleotide base pairs enveloped around
an octamer of histone proteins (two each of H2A, H2B, H3
and H4 proteins) (Fig. 1). A ﬁfth histone protein, H1, links
individual nucleosomes together with approximately 80
nucleotide base pairs intervening. Nucleosomes, together
with other non-histone scaﬀold proteins and enzymes, such
as proteases and nucleases involved in replication and
repair, make up chromatin (Fig. 1). Chromatin exists sta-
bly in broadly two main states, inactive (heterochromatin)
and active (euchromatin), though in reality individual
regions of chromatin are at any one time somewhere on a
continuum between these states. Heterochromatin is tightly
packed and restricts the access of RNA polymerase II to
DNA thereby repressing gene transcription. Conversely,
the DNA within euchromatin is relatively loose around
the histone proteins facilitating the access of RNA poly-
merase II and other proteins of the transcriptional machin-
ery and increasing gene expression. The transition between
these two states of chromatin can be induced through epi-
genetic modiﬁcations to the individual histone proteins and
DNA itself. At least eight diﬀerent types of covalent mod-
iﬁcations of histone proteins can occur at their globular
domain, but the majority of these occur at several of the
over 60 amino acid residues along the N-terminal tails that
protrude outwards from the octamer [52]. Variability in the
types of covalent modiﬁcation that occur, the histones and
amino acid residues at which they occur, as well as their
interactions with other transcription factors, coactivators
and repressor molecules all combine to create variation in
the levels of transcription of speciﬁc genes.
Histone acetylation involves the transfer of an acetyl
group (cleaved from acetyl-coenzyme A) to the e-NH
+
group of lysine residues [31]. The opposite reaction is his-
tone deacetylation which involves the transfer of acetyl
groups from histones to coenzyme A and the increased
wrapping of histone tails to DNA and decreased transcrip-
tion factor to activate gene expression. This neutralises the
positive charge of the histone tail and reduces its attraction
to the negatively charged phosphate backbone of DNA,
thereby loosening the nucleosome and allowing access of
additional transcriptional proteins and enzymes and thus
increasing gene transcription. Histone acetylation and
deacetylation are catalysed by histone acetyltransferases
(HATs) and histone deacetylases (HDACs), respectively.
Over 20 HATs have been identiﬁed with those regulating
gene transcription belonging to class A HATs (class B
HATs regulate chromatin synthesis and nucleosome assem-
bly in the cytoplasm) [43]. Moreover, several transcription
factors and coactivator proteins such as CREB binding
protein (CBP) have intrinsic HAT activity and can there-
fore increase gene transcription through their interactions
with DNA and their ability to recruit other HATs [69].
There are three classes of HDACs (I, II and III) with the
ﬁrst two being most signiﬁcant in mammals. Class I
HDACs (Numbers 1, 2, 3, 8) have widespread tissue
expression, but class II HDACs (Numbers 4, 5, 6, 7, 9,
10) have particularly high expression within muscle and
the brain [98]. Histone acetylation is also thought to
increase gene transcription by establishing a platform for
the recruitment of other chromatin remodelling processes
such as the SWI/SNF complex [69].
The other well understood histone epigenetic changes
can be transcription activating or repressing based upon
the location and type of amino acid residue undergoing
the covalent modiﬁcation. Histone phosphorylation can
occur at serine or threonine amino acids and usually acti-
vates gene transcription through neutralising the positive
histone charge of chromatin and relaxing the nucleosome
[18]. Phosphorylation of particular serine residues (e.g. ser-
ine-10) also appears to increase the eﬃcacy of HATs fur-
ther increasing transcription, and leading to
phosphoacetylation of histones [72]. Phosphorylation is
catalysed by protein kinase enzymes and reversed by phos-
phatases, though much is still unknown about their precise
action.
The addition of between one and three methyl groups
from the cofactor S-adenosyl methionine to the –NH
+
group of certain lysine residues and the addition of one
or two methyl groups to arginine residues maintains the
positive charge of DNA and condenses chromatin
[54,122]. Several residues on the tails of H3 and H4 are par-
ticularly prone to this process of histone methylation which
is catalysed by amino acid speciﬁc histone methyltransfer-
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tone lysine demethylases (HDMs), though histone arginine
demethylases have yet to be identiﬁed [89,90]. Methylation
is not always associated with transcriptional silencing how-
ever, as methylation at certain residues (e.g. trimethylation
at H3K4, H3K36, H3K79) is associated with transcrip-
tional activation and may be critical in creating stable
euchromatin across extensive chromosomal regions [2,88].
There are numerous interactions between these pro-
cesses with the methylation of histones preventing further
acetylation and phosphorylation, histone acetylation inhib-
iting the methylation of histones and phosphorylation acti-
vating acetylation [34]. There are also a number of other
less well understood histone modiﬁcations. Histone ubiqui-
tylation can occur at H1 and H3 and particularly H2A and
H2B and involves the addition of the ubiquitin protein to
the –NH
+ group of lysine residues [92]. The function of
ubiquitin is modiﬁed depending on the number of its addi-
tions or the lysine residue to which ubiquitin attaches. The
major function of ubiquitin proteins is to tag other proteins
for degradation by the proteosomes, but when attached to
histones they can alter gene transcription probably through
regulating the previously mentioned histone modiﬁcations
[103]. Related to this is sumoylation, the addition of small
ubiquitin-related modiﬁer proteins to core histones which
then associates with HDACs and other repressors to inhi-
bit gene expression either directly or by antagonizing his-
tone acetylation, phosphorylation or ubiquitination
[91,70]. Other covalent modiﬁcations of histones include
ADP-ribosylation, biotinylation, deamination and proline
isomerisation, though their eﬀects on gene transcription
are still to be fully understood [39,23,51,111,71]. Neverthe-
less, it is likely that all covalent histone modiﬁcations will
have the potential to activate or inhibit gene transcription
under diﬀerent conditions. Histone acetylation, phosphor-
ylation, ubiquitination, deamination and sumoylation are
regarded as dynamic modiﬁcations being able to exert their
eﬀects within minutes [70,52]. Conversely, histone methyla-
tion is widely regarded as being the most stable, long-last-
ing and diﬃcult to reverse, though this is also being
challenged with the identiﬁcation of HDMs [3]. In addition
to such covalent modiﬁcations, there are other changes to
chromatin structure such as nucleosome sliding, the
replacement of core histones with other proteins and the
repositioning of nucleosomes by ADP-dependent protein
complexes (e.g. SWI/SNF) that can all exert tight control
of gene transcription [4,93,44].
In addition to modiﬁcations of histone proteins, the
direct methylation of DNA itself is associated with long-
lasting stable changes to gene expression [79]. Indeed, the
degree of dinucleotide cytosine–guanine (CpG) methyla-
tion at promoter regions inversely correlates with levels
of gene transcription. DNA methylation involves the trans-
fer of a methyl group from S-adenosyl methionine to the 50
position of cytosine residues particularly those at the dinu-
cleotide CpG sequences. De novo DNA methylation is
Fig. 1. Schematic of chromatin modiﬁcations. (A) Each nucleosome consists of DNA (blue lines) wrapped around eight core histone proteins (two copies
each of H2A, H2B, H3, H4—peach cylinders). Chromatin consists of several of these nucleosomes condensed together within the cell nucleus. (B)
Epigenetic modiﬁcations at each nucleosome regulate gene transcription through altering the accessibility of the transcriptional machinery such as RNA
polymerase to the DNA. The direct binding of methyl groups (large red circles) to DNA typically silences gene expression. Alternatively, various covalent
medications at histone tails (brown lines) which protrude from each histone protein can alter the structure of chromatin and gene transcription. These may
include, but are not limited to, acetylation, methylation, phosphorylation, ubiquitination, and sumoylation and occur at speciﬁc amino acid residues
(depicted by multi-coloured spheres) on each tail. Environmental experiences such as maternal care, social interactions, drugs and aversive stimuli have
been shown to induce stable long-term and dynamic short-term changes in DNA methylation and to speciﬁc amino acid residues on particular histone tails
of individual genes that are expressed in the brain (see text).
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3b, whereas maintenance of DNA methylation is catalysed
by DNMT1 [81]. DNA methylation not only directly inter-
feres with transcription binding but also leads to the bind-
ing of CpG binding domain proteins (MDBs) such as
(methyl CP-binding protein 2) MeCP2 that recruit chroma-
tin modelling enzymes like HDACs and HMTs, leading to
deacetylation, histone methylation and further transcrip-
tional silencing [24]. Methylation can be extremely stable,
though recent ﬁndings of proteins with DNA demethylase
activity suggest that there may even be some reversibility of
DNA methylation [9]. Furthermore, there is bi-directional-
ity in this relationship between histone modiﬁcations and
DNA methylation [112]. For example, deacetylation and
methylation at H3 lysine residue 9 contributes to increased
DNA methylation probably via the recruitment of
DNMTs. Therefore, there exists an intricate synergy
between histone and DNA modiﬁcations within the nucle-
osome such that gene transcription can be tightly epigenet-
ically controlled through processes individually and
through their eﬀects of each other [34].
Detailed investigation of diﬀerentially methylated
regions (DMRs) of DNA for a number of imprinted genes
in a variety of mammalian species have shown that tandem
CpG repeats are necessary for maintaining the diﬀerentially
methylated state [84]. Deleting the DMRs in mice results in
loss of imprinting and biallelic gene expression [60]. The
position of DMRs within human and mouse imprinted
genes is conserved but contains repeats of diﬀerent unit
lengths ranging from 425 to 740 nucleotides. However,
these sequences do have the potential to fold into stable
secondary structures with signiﬁcant similarities between
mouse and human. This suggests that the precise number
of tandem CpG repeats is not important, but a subset that
has the capacity to form secondary DNA structures (hair-
pins, tetraplex structures, G-quartets) which have features
in common with telomeres and centromeres and may be
important for speciﬁc protein binding [75].
3. Heritable epigenetic changes—genomic imprinting
Epigenetic eﬀects have also been established that are
sustained through germline transmission in the form of
‘‘imprinted” genes. Imprinted genes are haploid dominant
and expressed according to parent-of-origin such that a
small, but important set of key regulatory autosomal genes
are only expressed when inherited from mother, and others
are only expressed when inherited from father [99]. The
active process of gene silencing invariably involves DNA
methylation, but histone deacetylation, micro-RNAs,
CpG repeat sequences, polycomb proteins and non-coding
anti-sense RNAs, all play a part in the imprint mechanisms
of diﬀerent genes [78].
Imprinted genes usually occur in clusters with a diﬀeren-
tially methylated region (DMR) that is methylated in the
germline and frequently regulates gene silencing across
the cluster of genes [115]. This DMR may involve a non-
coding RNA that ‘coats’ the inactivated region in cis, alter-
ing the physical structure of chromatin and its availability
for transduction. In other cases, such as at the H19 pro-
moter, chromatin organising proteins like the CCCTC-
binding factor (CTCF) bind to chromatin and serve as a
barrier that prevents interactions between remote enhanc-
ers and promoters [77]. The insulin like growth factor
(Igf2r) imprinted cluster is an example of anti-sense tran-
scription mediating the silencing of neighbouring genes
on the paternal chromosome [78]. The Kcnq1 (K
+ channel
a subunit) cluster shows bi-directional paternal repression
of genes in the cluster which is dependent on a non-coding
RNA and which enables recruitment of a repressive poly-
comb protein complex [62]. The G-protein a subunit
(Gnas) imprinting cluster is even more complex enabling
paternally, maternally and biallelic expression of tran-
scripts in a tissue speciﬁc manner [115]. An important fac-
tor that is emerging in the regulation of imprinted genes is
their chromosomal spatial organisation, which may involve
regulatory elements more that 80 kb upstream [105] and
others may even be located on diﬀerent chromosomes,
invoking sub-nuclear functional compartmentalisation
[119].
Many of the imprinted clusters contain both maternally
and paternally expressed genes. The Paternally expressed
gene 3 (Peg3) gene cluster has an evolutionary conserved
sequence in the ﬁrst intron which serves as a binding site
for the zinc ﬁnger YY1 protein. On the maternal allele
the YY1 binding site is methylated, speciﬁcally repressing
binding of this transcription factor [49] preventing mater-
nal expression of Peg3. However YY1 is itself a member
of the polycomb group of proteins (PcG) which can recruit
other PcG proteins (Eed, Ezhz) leading to histone modiﬁ-
cations (H3 K27 methylation) and transcription repression
[114]. Because the YY1 binding site is positioned between
maternally and paternally expressed genes in the Peg3 clus-
ter, the potential for insulator/boundary element shielding
of other genes in the cluster can have regulatory conse-
quences for both maternal and paternal expressed genes
in this cluster.
Unique to genomic imprinting is the ability to switch the
epigenetic mark such that a paternally silenced allele on
passing through the maternal germline becomes expressed,
and vice versa through the paternal germline for a mater-
nally silenced allele. This germline reprogramming of
imprints requires dynamic changes in chromatin structure
involving extensive DNA demethylation and erasure of
the parental imprints [100,79]. This is an essential prelimin-
ary to restoring totipotency for the future development of
diﬀerent cell types. Chromatin in the developing mouse pri-
mary germ cells is initially found de-condensed and the era-
sure of imprints occurs in a restricted period from E10.5–
12.5 by active demethylation [28]. Not all genomic methyl-
ation is removed at this stage and notably, regions contain-
ing parasitic elements such as transposons, remain
methylated and silenced. Lymphoid speciﬁc helicase
(LSH) is a major epigenetic regulator that is essential for
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taining genomic stability in meiosis [25]. The ﬁrst wave of
oocyte growth is the time at which the next generation of
maternal speciﬁc imprints are established in a speciﬁc locus
by locus manner [61,73]. At this stage oocytes exhibit active
transcription which produces abundant cytoplasmic pro-
teins that will serve as epigenetic modiﬁers of the future
paternal genome, while others prevent maternal DNA
methylation after fertilisation.
Sperm are produced in great abundance and have a rel-
atively short life while the total oocyte population is deter-
mined in the foetal ovary and remains quiescent in meiotic
arrest for a substantial part of the female’s lifetime. It is not
until the onset of puberty that the maternal LH surge acti-
vates meiotic progression to the secondary oocyte stage
[76]. The maternal and paternal genomes come together
at fertilisation but in many respects they are not equivalent,
and in order to participate in development the paternal
genome must also acquire an appropriate epigenetic state
[100]. Maternally derived histone chaperones (Hira) and
epigenetic modiﬁers of the polycomb group such as Ezh2
and Eed are required to replace and modify histones after
the removal of protamines in the highly condensed paternal
chromatin [104,28]. While the maternal genome remains
methylated, the paternal genome undergoes a genome-wide
demethylation [64]. A maternal protein, Stella, has been
shown to be required for preventing the maternal demeth-
ylation at this stage and its deletion also results in the loss
of methylation from a number of maternally imprinted
genes [68]. Demethylation of the paternal genome post-fer-
tilisation may account for the relatively few paternal
imprints [82]. Thus the matriline appears to have greater
control over imprints of key developmental genes and the
earliest post-fertilisation development is mainly regulated
by maternally inherited transcriptional and epigenetic
modiﬁers. This makes good biological sense for mammals
where the mother also has the greatest time and energy
investment in the developing foetus.
Heritable epigenetic changes such as those which occur
at imprinted domains can be modiﬁed according to species
and, within a species, according to tissue. Thus compara-
tive analysis of the Peg3 domain shows that zinc ﬁnger pro-
tein gene (Zfp264) has become biallelic in brain and testis
of the cow, but is paternally expressed in the mouse brain
[48]. In the mouse, Igf2 is imprinted but biallelic expression
occurs in the choroid plexus, while its Igf2 receptor which
is normally maternally expressed shows biallelic expression
in the brain. Neuron speciﬁc relaxation of the Igf2 receptor
expression is associated with histone modiﬁcations in the
diﬀerentially methylated regions leading to DNA hypome-
thylation, acetylation of H3 and H4 and dimethylation of
H3K4 [120]. This ability to relax imprints applied in the
germline leading to tissue speciﬁc epigenetic modiﬁcations
appears to be regulated via the anti-sense transcripts
involved in imprinting. Frequent loss of imprinting also
occurs with tumour development (e.g. wilms tumour,
breast, and colo-rectal tumour) and may in part be respon-
sible for these aberrant developments. Imprinted gene
methylation and gene expression has also been shown to
be altered as a consequence of in vitro fertilisation [59],
the cloning of mouse embryos [74] and from completely
inbred mice derived from ES (embryonic stem) cells [26].
Interestingly, the altered methylation pattern that arises
in the donor ES cells persists through diﬀerentiation of
the foetus, indicating retention of ES cell epigenetic modi-
ﬁcations. Thus, heritable germline derived imprints are
themselves capable of epigenetic modiﬁcations.
4. Genomic imprinting, growth and evolution
A number of theories have been proposed to account for
the evolution of genomic imprinting [97,37]. Some of these
are rather specialised, such as the protection of mammals
from parthenogenesis and the ‘‘placenta hypothesis”
which, because imprinted genes are not expressed in either
monotreme, egg-laying mammals or birds, suggests that
viviparity was a driving force for genomic imprinting in
placental mammals [47]. A more widely accepted theory
is that of ‘‘genetic conﬂict” which proposes that paternally
expressed genes promote embryonic and early post-natal
growth by extracting nutritional resources from mother.
This maximises the father’s reproductive success relative
to other males that subsequently mate and produce preg-
nancies with the same female. Maternally expressed genes,
in contrast, are theorised to resist maternal resources being
exhausted on a single pregnancy and ensure some reserves
are withheld for subsequent pregnancies and future oﬀ-
spring. The evolutionary advantage for a male is, therefore,
to father larger, ﬁtter progeny by the expression of growth
promoting alleles, a development which is considered to be
in conﬂict with the maternal requirement to conserve
resources across all pregnancies. Although this theory
matches well to a number of paternally expressed genes
that promote placental and embryonic growth [38], it is dif-
ﬁcult to reconcile with the mechanisms which underpin
genomic imprinting at the molecular level. From a mecha-
nistic viewpoint the control over imprinted genes that are
paternally expressed is often achieved in the female germ-
line where the imprint is formed and leads to silencing of
the maternal allele which results in only the paternal allele
being expressed [83]. Hence, if genes which extract
resources from mother achieve paternal expression by the
active process of maternal allele silencing, the question
arises as to how natural selection might have initially oper-
ated at the maternal locus to eﬀect the foetal–placental phe-
notype which is disadvantageous to mothers.
Selective paternal expression of some imprinted genes
often requires more than simple maternal silencing. Take
for example Igf2, an important growth factor gene that is
expressed in the placenta and promotes placental growth,
transport of nutrients and embryonic growth [80]. This
gene is paternally expressed and together with its receptor
Igf2r, which is maternally expressed, eﬀects pre- and
post-natal growth. Igf2r is a mannose-6-phosphate recep-
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act as a sink for Igf2. This interactive process has been
theorised to represent and descriptively matches to a pater-
nal/maternal form of genetic conﬂict [38]. However, a con-
sideration of the mechanisms regulating Igf2 expression
reveals that an imprint control region (ICR) is methylated
and silenced on the paternal Igf2 chromosome. This
repressed state of the paternal ICR is produced by germline
methylation in sperm, while the maternal allele escapes
methylation due to the binding of a maternally derived
CTCF protein to this region of maternal DNA [5,77].
Mutations in the CTCF binding site on the maternal
DNA results in the maternal ICR also acquiring methyla-
tion due to failure of CTCF binding and hence providing
the barrier which protects the ICR from methylation
[102]. Were it not for the maternal production of CTCF
in the oocyte, both copies of H19 would be repressed and
Igf2 would be expressed from both paternal and maternal
alleles, the ancestral form of expression for this gene.
One of the receptors for Igf2 is maternally expressed and
regulates the paternally expressed growth factor (Igf2) by
binding it and internalising it before transportation to the
lysosomes for degradation. The Igf2r gene encodes two
reciprocally imprinted transcripts, which are methylated
diﬀerentially at their DNA [118]. Diﬀerentially methylated
region 1 (DMR1) includes the promoter for a sense Igf2
receptor whereas DMR2, which is located at the second
intron of the gene, serves as a promoter for the anti-sense
transcript (Air), a long non-coding RNA transcript
(108 kb). The paternally expressed Air is required for the
repression of the paternal Igf2 receptor and two other
paternally repressed genes in the cluster, whereas deletion
of Air leads to loss of Igf2r imprinting and biallelic gene
expression in peripheral tissues [96].
There are clearly two ways of interpreting such a com-
plex chain of interactions between maternal and paternal
genomes. One concerns the diﬀerent parental germline ori-
gins through which monoallelic expression is regulated,
together with the possibility of diﬀerentially modifying
gene dosage in both a species and sometimes in a tissue spe-
ciﬁc manner [116,33]. This might be interpreted as a mater-
nal/paternal co-adaptive process. A second interpretation
is that of genetic conﬂict since foetal growth promotion is
assisted by the paternal allele of Igf2 while the maternally
expressed receptor acts as a ‘‘sink” for Igf2 reducing its
eﬀectiveness. However, it is diﬃcult to comprehend, from
an evolutionary viewpoint, why the maternal genome
actively relinquishes expression of a maternal allele and
actively facilitates the expression of a paternal allele in
the case of Igf2, especially if this has the potential to hand-
icap the female’s lifetime reproductive success. Involved in
the complex interactive regulation of Igf2 and its receptor,
there are three maternal levels of control for this growth
promoting interaction (CTCF production, prevention of
methylation of the ICR on the maternal chromosome,
and silencing of maternal Air), and two paternal levels of
control (repression of the paternal ICR by germline meth-
ylation in sperm; silencing paternal Igf2r by preventing
methylation of DMR2) [109]. While this could conceptu-
ally be considered to reﬂect genomic conﬂict, it certainly
does not lend itself, at a molecular genetic level, to an inter-
pretation that exclusively favours paternal regulation of
growth promotion of embryos. On the contrary, most lev-
els of control reside in the female genome.
The complexity of genomic imprinting in regulation of
pre-natal growth is further illustrated by the growth factor
receptor-bound protein 10 (Grb10) which is expressed from
the maternal allele in the placenta and foetus, but not in the
brain, where notably in the hypothalamic neurons it is
paternally expressed [41]. This reciprocally imprinted
expression is thought to be regulated by DNA methylation
and the polycomb group protein complex Eed/Ezh. The
hypothalamic speciﬁc transcript expressed from the pater-
nal allele is highly expressed at the time of hypothalamic
development (E10–12) and again in the peri-natal period.
Although adult neurons metabolize glucose in an insulin-
independent manner, deletion of Grb10 results in impaired
insulin signalling in the hypothalamus, which in turn
results in increased food intake, moderate obesity and
hypogonadotrophic hypogonadism. These eﬀects are
thought to result from impaired signalling through the
hypothalamic melanocortin pathway. Diﬀerential DNA
methylation of the promoter on the maternal chromosome
accounts for the tissue speciﬁc silencing of the maternal
allele which thereby promotes only paternal expression in
the hypothalamus. Analysis of histone modiﬁcations show
that methylation of H3K4 is associated with DNA methyl-
ation of the maternal allele, whereas the H3K27 is regu-
lated by Eed–Ezh2–Pcg complex and histone deacetylase
to correspond to speciﬁc silencing of the paternal allele
and maternal expression in foetal and placental tissue
[121]. Maternally expressed Grb10 binds to the insulin
receptor and strongly inﬂuences growth of the foetus and
placenta [17]. Mutations of Grb10 support the role of
maternal Grb10 in signal transmission from the insulin
receptor to IRS-1 [94]. Here we have an example of an
imprinted gene with maternal and paternal expressed tran-
scripts that are co-adapted in the context of maternal feed-
ing (paternal allele) and placental and foetal growth
(maternal allele). The paternally expressed allele is promot-
ing maternal feeding whereas the maternally expressed
allele is regulating, in a restrictive way, growth of the pla-
centa and foetus, which at a functional level matches better
to co-adaptation than to conﬂict.
As work progresses on the molecular genetic mecha-
nisms of genomic imprinting, how this is diﬀerentially reg-
ulated through the male and female germlines and how
monoallelic expression of certain genes may be modiﬁed
across tissues and across species, it is becoming clear that
no single theory can encompass the whole of genomic
imprinting. However, it is also becoming clear that the role
of the matriline is emerging as the major player. Certainly,
co-expression of imprinted genes in the hypothalamus and
placenta are functionally co-adapted between mother and
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mus may be developmentally co-adapted. This is an issue
we will consider in the next section.
5. Genomic imprinting and co-adaptive development of brain
and placenta
The success of placental mammals in sustaining life
across many environments is due to their ability to main-
tain their ‘‘milieu inte ´rieur” reasonably intact. Maintaining
constantly high body temperature opened up many habi-
tats that were closed to reptiles, enabling early ancestral
mammals to feed at night and throughout winter, while
placental evolution enabled their young to develop and
grow within the body cavity. Many of the mammalian phy-
logenies evolved larger phenotypes, which is especially
important in cold climates since it reduces the relative sur-
face area to body weight thereby reducing heat loss. How-
ever, larger mammals require greater maternal
investment—i.e. prolonged pregnancy and extended mater-
nal care and bonding. In this context the placenta has
played a pivotal role, primarily acting as an endocrine
organ regulating the secretion of hormones into maternal
circulation to inﬂuence maternal physiology, metabolism
and behaviour. Hence, an eﬃcient placenta can be seen
as one which not only optimises pre-natal transfer of
maternal resources but ensures provision of these resources
by regulating maternal feeding, maternal behaviour and
metabolism. The placenta prepares for post-natal events
by priming the mother’s brain for maternal behaviour
and priming the mammary gland for milk production.
The placenta represents an important evolutionary
development that is unique to mammals and diﬀers from
other forms of vertebrate and invertebrate internal devel-
opment where oﬀspring may receive protection from pre-
dators and dehydration, but little in the way of nutrients
is provided. The growth and development of the mamma-
lian embryo is determined by the transfer capacity of the
placenta which is synchronised with the energetic require-
ments of the embryo. This early growth is a complex pro-
cess with some tissues, such as the brain, being more
energetically demanding than others. Brain growth occurs
late in embryonic development and in most mammals its
completion is postponed to the post-natal period. Many
of the genes which regulate placental and embryonic
growth are imprinted, thereby coordinating foetal growth
synchronised with the growth and provisioning capacity
of the placenta.
A subset of imprinted genes that are expressed in the
developing foetal placenta are also expressed in the hypo-
thalamus, the functional outcome of which might be best
viewed as a parent–infant co-adaptive process. These genes
are all paternally expressed, but assuming their ancestral
state to be biallelic expression then the regulatory process
of silencing to enable only paternal expression, primarily
occurs in the matriline [99]. Considering the relative spar-
sity of imprinted genes [82] discovered (Website MRC
Mammalian Genetics Unit, Harwell, 2004) their expression
in certain tissues like the brain and placenta is greater than
might be expected. Moreover, all of the genes so far iden-
tiﬁed that are expressed in both placenta and brain, espe-
cially the hypothalamus, are maternally imprinted (Table
1). These distinct organ types, foetal placenta and maternal
hypothalamus, function as one in the pregnant mother,
although they are encoded by diﬀerent genotypes. Recent
detailed studies on the phenotype of maternal hypotha-
lamic versus foetal–placental expression of such imprinted
genes has been demonstrated for the maternally imprinted,
paternally expressed genes, Peg1 [55,63] and Peg3 [58,40].
Because imprinted genes are expressed according to par-
ent-of-origin, a mother that carries a homozygous null
mutation when mated with a wild-type father will produce
oﬀspring that are all wild-type normal, while a mutant
father mated with a wild-type mother will produce mutant
oﬀspring that carry and express the mutant allele (Fig. 1).
In this way the eﬀects of the mutation on the maternal phe-
notype and the infant phenotype can be investigated inde-
pendently. The maternal consequences of expressing this
targeted deletion (Fig. 2) have much in common with
lesions of the maternal hypothalamus, namely reduced
food intake, impaired maternal care, inability to maintain
body temperature under a cold challenge and a severe
impairment in milk letdown [58,40,21,22]. As a conse-
quence, maternal weight gain and fat reserves during preg-
nancy are impaired and pups suﬀer reduced pre- and post-
natal growth, even though litter size is smaller [22]. The
similarity of the genetic lesions with neural lesions is not
surprising since Peg3 regulates apoptosis [85] and the neu-
rons and receptors in relevant hypothalamic nuclei are sig-
niﬁcantly reduced in number [58].
Table 1
Imprinted genes expressed in brain and placenta
GnasX1 (P) Hypo/pit Nucleotide binding protein
Necdin (P) Hypo Neuronal growth suppressor
Dlk1 (P) Hypo/pit Negative regulator of notch 1
Sgce (P) Hypo Sarcoglycan family
Peg3 (P) Hypo/pit Bac transport–apoptosis
Peg1 (P) Hypo/pit b-Hydrolastfold family
Magel2 (P) Hypo MAGE like protein
Snrp (P) Hypo Small nuclear ribonucleo protein
Nnat (P) Hypo Phosphorylates CREB " Ca
2+ intra-cellular
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imprinted alleles is that at the same time they are function-
ing in the placenta to hormonally regulate the maternal
hypothalamus, they are also actively engaged in developing
the foetal hypothalamus. Moreover, the eﬀects of mutating
one such gene (Peg3) either in the maternal hypothalamus
or separately and independently in the placenta and foetal
hypothalamus produce remarkably similar phenotypes
(Fig. 2). Since the expression and functional eﬀects of this
gene in the maternal hypothalamus, foetal placenta and
foetal hypothalamus overlap in time (i.e. both genomes in
the pregnant mother) it is again diﬃcult to reconcile its
actions with parental conﬂict. The placental and foetal
hypothalamic expression of this gene results from imprint-
ing of the very same maternal allele, while this gene in the
maternal hypothalamus is expressed as a result of germline
imprinting in this mother’s mother. Expression runs pri-
marily through matrilineal control (Fig. 3).
A question of some merit in considering placental and
hypothalamic evolution is how the adult hypothalamus
has co-adapted to respond to the foetal placenta. The
maternal hypothalamus is fully developed and sexually
dimorphic at the stage when these hormonal interactions
take place. However, those imprinted genes involved in
developing the placenta and hypothalamus (Table 1) are
simultaneously active in both developing structures at the
same time that one of them, the placenta, has to function-
ally engage the adult hypothalamus. Herein lies the win-
dow of opportunity for selection pressures to operate, a
window which may also be important in the context of
‘‘foetal programming”.
Overall, imprinted genetic events are probably best con-
ceptually envisaged in the context of co-adaptation, the
evolutionary outcome of which is oﬀspring that have
extracted adequate maternal provisioning and care both
pre- and post-natally are themselves both well adapted
Fig. 3. Pre-natal and post-natal Peg3 eﬀects. The maternally imprinted gene, Peg3, produces functionally similar phenotypes when expressed
independently in the maternal hypothalamus and the foetal placenta. The action of Peg3 in bringing about these co-adaptive eﬀects occurs during
development.
Fig. 2. Peg3 inheritance. Crossing homozygous mutant Peg3 KO female mice (blue) with wild-type males (gray) produces all oﬀspring as wild-type (gray)
since the paternally expressed allele is silenced on inheritance from the mother. The converse is true when the father is homozygous with all oﬀspring
expressing the mutation in the hypothalamus and placenta (blue).
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when adult [21]. It is also noteworthy that these maternally
imprinted alleles are phylogenetically ancient genes that
were once biallelically expressed. Such genes are mechanis-
tically regulated by silencing of the maternal allele through
epigenetic ‘‘marks” applied in the female germline [87,61].
Since early developmental mortality accounts for a major
part of the variance in viability ﬁtness of a gene, this matri-
archal regulation of important components of the foetal
genome is optimally suited to safeguarding the mother
against potential anomalies in development. Developmen-
tal errors provide a risk not only for viability of oﬀspring,
but are also an ‘‘in-utero” danger to the mother’s life.
However, developmental anomalies in the foetal genome
are more readily recognised through the placental interface
with mother, and pregnancy may be terminated naturally
when the same dysfunctional allele is also expressed in
the placenta.
Two important questions that arise from a mechanistic
assessment of genomic imprinting in mammals are, why
revert to the haploid condition of expression, and why
should the matriline, by silencing maternal alleles, provide
for paternal expression of genes that play an important role
in development of the foetal placenta and brain? Because
diploid organisms have twice the number of gene targets
for mutations as do haploids, and because the incidence
of beneﬁcial mutations is a rate limiting step in adaptation,
such mutations are likely to confer increased ﬁtness on
organisms that are diploid. However, haploid expression
has the advantage of rapid ﬁxation of a trait in the popu-
lation since hemizygosity with parental speciﬁc allele
expression carries the advantage for rapid eﬃcient propa-
gation [36]. Moreover, by providing a haploid expression
in a diploid organism, genomic imprinting confers the abil-
ity to disseminate beneﬁcial mutations in the population
while also providing a back-up silent copy of each gene
should mutations damage the functional copy [8].
Sex diﬀerences in mammalian reproductive and behav-
ioural strategies mean that a male’s reproductive success
depends upon how many females he can mate, while female
reproductive success is restricted by the number of preg-
nancies she can sustain together with the successful wean-
ing of oﬀspring. A favourable genetic event which
enhances maternal care through an action in the brain
and also enhances oﬀspring survival via an action in the
placenta, would have markedly diﬀerent consequences
depending on whether it were imprinted and depending
on which parent was expressing the allele. Unlike Mende-
lian expression for an autosomal allele, genomic imprinting
produces haploid dominance and there is no weakening of
eﬀect in transmission through heterozygosity.
Because a male has potential for siring more oﬀspring
than a female, paternal haploid expression of a maternally
imprinted gene has the greater potential for rapid ﬁxation
of a trait in the population. Availability of oestrus females
is the rate limiting factor for male sexual behaviour and
hence being able to discriminate oestrous females and to
learn about urine marks that signal oestrous condition
would provide such males with a signiﬁcant reproductive
advantage. The maternally imprinted gene (Peg3) which
confers advantage on female maternalism and placental
nurturing also confers olfactory advantages to males in this
regard [101]. Peg3 knockout males are unable to discrimi-
nate between the odours of oestrous and di-oestrous
females and are severely impaired in their reproductive per-
formance. These phenotypic eﬀects on sexual behaviour of
the male would increase by more than 80:1 his likelihood of
ﬁnding a fertile mate. Moreover, if the imprint results in
male expression rather than female expression, a further
28-fold advantage to maternalism would be disseminated
Fig. 4. Co-adaptive evolution. As a consequence of genomic imprinting an allele that is expressed in the foetal placenta (red) is also the allele expressed at
the same time in the developing brain (red). Selection pressures operating at this early stage in development are fundamental to determining how the
maternal hypothalamus subsequently functions (black arrows). Placental expression is, at this same time period, functionally constrained by its interaction
with the adult maternal hypothalamus (yellow). Co-adapting these functions (orange) provides the selection pressures for development of the maternal
hypothalamus which again in the next generation interacts with the placenta. Combining genetic stability through a maternally imprinted gene alternating
with epigenetic ﬂexibility through the matriline maximises advantages to oﬀspring. These advantageous eﬀects are therefore trans-generationally inherited
via two epigenetic mechanisms.
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reproductive skew, circumventing genetic bottlenecks,
and rapidly establish homozygosity of this allele in the
population.
Findings such as these demonstrate the signiﬁcance of
trans-generational interactions between hypothalamus,
foetal placenta and foetal hypothalamus when they are
genetically regulated by the same imprinted gene, but
involving two distinct genomes co-functioning in one indi-
vidual, namely the mother. When this imprinted gene is
inherited from father, both sons and daughters beneﬁt
from enhanced placental transfer of resources as well as
the eﬀects of placental hormones on mother’s behaviour.
Sons like their fathers also acquire enhanced mating advan-
tages. When this gene is inherited from mother, it is silent
in sons and daughters but both beneﬁt from good maternal
care, increased maternal feeding and milk letdown through
an action of the gene in the maternal hypothalamus. The
sons of this generation in which the allele is silenced do,
however, produce oﬀspring in the next generation which
express the gene, thereby escalating the co-adaptive advan-
tages to the following generation. Such inheritance pro-
vides a template for mother–infant co-adaptive evolution
through heritable traits regulated by chromosomal epige-
netic marks in the maternal germline [99] (Fig. 4).
6. Non-heritable epigenetic changes
Inherited epigenetic changes in the form of imprinted
genes are not the only form of non-sequence coding
DNA and histone modiﬁcations that are important in the
regulation of brain development and behaviour. Signiﬁ-
cantly, environmental variables are able to alter gene
expression via such epigenetic modiﬁcations [45]. These
can be long-term stable modiﬁcations akin to those
changes in cellular phenotypes that are necessary for cellu-
lar diﬀerentiation, but they can also confer short-term
dynamic changes. Signiﬁcantly, there is converging evi-
dence that these short- and long-term changes appear to
be mediated by distinctive epigenetic alterations [56].
Contextual fear conditioning in rats is the association
made between an environment (e.g. novel cage) and an
aversive stimulus (e.g. foot-shock). Subjects that have been
trained to learn this association will eventually exhibit a
fearful response such as freezing even in the absence of
the aversive stimulus and this response is maintained over
long periods. As with many learning processes, the acquisi-
tion and retention of this memory requires distinctive
changes in gene transcription [65]. One hour after contex-
tual fear conditioning large increases in H3 acetylation at
the lysine-14 residue, phosphorylation at the serine-10 res-
idue and phosphoacetylation in CA1 of the hippocampus
are observed [57,19]. Pre-treatment of subjects with HDAC
inhibitors such as Trichostatin A that prevent the deacety-
lating ability of HDACs also increase the levels of H3 acet-
ylation. These changes are dependent upon activation of
both NMDA receptors and the ERK/MAPK signalling
pathways and blocking of either of these prevent the
increase in H3 acetylation [57,19]. The timing of these mod-
iﬁcations correlate with the onset of gene expression
changes in the hippocampus following fear conditioning,
but interestingly these epigenetic changes soon return to
baseline. Therefore H3 modiﬁcations are important for
the acquisition of long-term memories but other changes
are required for the long-term storage. Other studies have
also implicated a role for histone modiﬁcations in learning
and memory. For instance, mice lacking CBP (which has
intrinsic HAT activity) exhibit deﬁcits in spatial memory,
fear conditioning and novel object recognition [50,1,117].
These deﬁcits can be ameliorated following treatment with
HDAC inhibitors, suggesting that it is the balance of HAT/
HDAC activity in neural chromatin that may be signiﬁcant
for the acquisition of certain long-term memories [56].
The role of acetylation on learning and memory pro-
cesses has also been investigated in the CK-p25Tg trans-
genic mouse [29,30]. In this mouse the expression of p25,
a protein involved in various neurodegenerative diseases,
is under the control of a dietary inducible calcium calmod-
ulin kinase 2 (CamKII) promoter such that it can be turned
oﬀ in adult mice leading to neurodegeneration. Mice that
have undergone such adult neurodegeneration become
impaired on fear conditioning and spatial water maze
memory tasks [29], but these abilities can be preserved if
they are exposed to environmental enrichment [30]. Envi-
ronmentally enriched animals were found to have increased
levels of marker proteins for synaptic integrity and plastic-
ity and exhibit increased acetylation of H3 and H4 in the
hippocampus, even as soon as 3 h post-enrichment. In
addition, the repeated administration for four weeks of
HDAC inhibitors can lead to an increase in the number
of synapses and sprouting of dendrites and H3 and H4
acetylation in post-mitotic hippocampal neurons.
Signiﬁcantly, one recent study demonstrates that
dynamic changes in DNA methylation may also be critical
in the consolidation of contextual fear conditioned memo-
ries. Immediately following fear conditioning, mRNA lev-
els of DNA-methyltransferase 3 (DNMT3a) and DNMT3b
are up-regulated in CA1 of the hippocampus and blocking
DNMT activity prevents the normal memory consolidation
[67]. This consolidation is reliant upon the suppression of
certain genes such as memory suppressors e.g. PP1, and
the activation of other genes such as those involved in syn-
aptic plasticity e.g. reelin. Peak changes in the methylation
status of these genes occur in CA1 1 h following fear con-
ditioning, with a return to baseline within 24 h. This study
provides further evidence for the multitude of gene speciﬁc
epigenetic modiﬁcations that are induced following expo-
sure to an environmental cue such as a foot-shock leading
to both short- and long-term changes in gene transcription.
It also suggests that changes in DNA methylation may not
be irreversible in post-mitotic neurons.
Drug addiction involves long-term changes in cellular
phenotype and gene expression, particularly in striatal
brain areas including the nucleus accumbens [42]. Long
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and even other contextual cues can have powerful eﬀects
on behaviour. Some of these long-term changes in gene
expression and dependence are associated with epigenetic
alterations. In rats, the chronic administration of cocaine
leads to H3 acetylation of the promoters for FosB, BDNF
and Cdk5 [53,108]. The product of FosB is a mediator of
reward in striatal neurons with its accumulation enhancing
drive for cocaine in animal models. Interestingly, the levels
of BDNF H3 acetylation increases even after drug with-
drawal, demonstrating the pervasiveness of the eﬀects of
the drug on histone modiﬁcations [53]. Chronic cocaine
administration also induces an increase in MeCP2 and
MBD1 in the adult brain [13]. Diﬀerent epigenetic changes
are observed when rats are given acute administration of
cocaine. Within 30 min there is an increase in H4 acetyla-
tion at the cfos and fosB genes as well as H3 phosphoryla-
tion at the cfos promoter only, though these modiﬁcations
return back to baseline within 3 h. The behavioural eﬀects
of cocaine, as measured by a conditioned place preference,
are dependent on this acetylation as they can be enhanced
by treatment of subjects with HDAC inhibitors or inhib-
ited when HDACs are over-expressed in vivo [53,20]. Like-
wise, the administration of other drugs of abuse leads to
chromatin remodelling. Chronic administration of amphet-
amine leads to H4 hyperacetylation in the mouse striatum,
and repeated treatment with HDAC inhibitors signiﬁcantly
increases amphetamine induced behavioural sensitisation
in mice [46].
Therefore diﬀerent histone modiﬁcations at speciﬁc gene
promoters underlie both dynamic short-term and stable
long-term changes in gene transcription associated with
diﬀerent drug exposures. Exposure to other environmental
challenges also appears to lead to speciﬁc changes at partic-
ular histones. For instance, following acute induced sei-
zures, rats exhibit increased levels of H4 acetylation at
the P2 promoter of the brain derived neurotropic factor
(BDNF) gene, as well as increased phosphoacetylation of
H3 of the cfos gene in the hippocampus [106]. However,
following chronic seizures, there is acetylation of H3 of
the BDNF gene. Therefore a pattern is emerging whereby
targetted regulation of gene transcription can occur
through chromatin remodelling eﬀects that are either stable
and long-term (H3 acetylation) or dynamic (H4 acetyla-
tion) [108]. Increased exposure to social stressors is a risk
factor for the development of depression. It is hypothesized
that the long-lasting behavioural and mood changes associ-
ated with depression may be regulated by histone modiﬁca-
tions. Although diﬃcult to model in animals, the chronic
social defeat paradigm is one of the few to be based upon
social experiences. In this model, mouse subjects are
exposed to an aggressive opponent on successive days in
a test arena and are defeated [107]. After training, subjects
avoid contact, not only with aggressive individuals but with
all other conspeciﬁcs. An interesting aspect of this para-
digm is that anti-depressants (imipramine and ﬂuoxetine)
do reverse these behavioural eﬀects but only after several
weeks of administration as is the case in the treatment of
depression in humans. Following chronic anti-depressant
treatment, socially defeated subjects display an increase
in BDNF expression in the hippocampus (which is down-
regulated following social defeat) and a decrease in depres-
sive-like symptoms, i.e. an increase in social contact [7,107].
These changes in gene expression following chronic social
defeat and anti-depressant treatment are associated with
separate histone modiﬁcations. Social defeat is associated
with a 4-fold increase in H3 demethylation at the lysine-
27 residue of the P3 and P4 promoters of the BDNF gene
and a consequent down-regulation of BDNF in the hippo-
campus [107]. These changes are long-lasting occurring
even one month after social defeat. Imipramine treatment
leads to a 2-fold increase in H3 acetylation at these same
promoters, but only in those animals that have been
stressed. Furthermore, when mice over-express HDAC5,
the eﬃcacy of imipramine is blocked, suggesting that imip-
ramine, a tricyclic anti-depressant, may have its behav-
ioural eﬀects via a down-regulation of HDAC5 [107].I ti s
currently unknown through which epigenetic modiﬁcations
ﬂuoxetine, a selective serotonin reuptake inhibitor, exerts
its reversibility eﬀects in this paradigm. However, it has
been shown to increase MBD1 and MeCP2 levels in areas
of the adult rat brain with serotonergic receptors such as
the caudate putamen, frontal cortex and dentate gyrus.
This requires chronic administration of ﬂuoxetine implying
a role in altering the methylation and acetylation status of
genes [13].
There is also accumulating evidence that exposure to
numerous stressors will lead to variations in gene expres-
sion and transcription and that dynamic epigenetic modiﬁ-
cations may underlie these changes. For instance, in
rodents exposure to a forced swim stress test, or a predator
leads to increases in which gene expression and H3 phos-
phorylation at serine-10 residues of the dentate gyrus, par-
ticularly in the granule layer. Indeed, there is a large degree
of correlation between H3 phosphorylation and the acqui-
sition of immobility in the forced swim test [10]. Exposure
of rats to a novel cage has been found to increase H3 phos-
phoacetylation at serine-10 and lysine-14 residues and
phosphorylation at serine-10 residues in the rat dentate
gyrus [16]. In the former studies, the alterations in histones
were observed 8–24 h post-stressor exposure, but fell back
to baseline after 48 h. In the latter study, the peak histone
changes were observed between 0.5 and 2 h after stressor
exposure. Hence there exists a complex pattern of gene
transcription involving numerous epigenetic modiﬁcations
occurring over distinctive time courses in response to vari-
ous environmental stimuli that lead to long-term changes
in behaviour [86]. A major challenge for the future is to
determine how neural receptors signal to intra-cellular
mediators of these eﬀects to regulate epigenetic modiﬁca-
tions especially when those environmental changes are
long-lasting.
It is undoubtedly the case therefore that the mammalian
brain, even after neural fate has been determined and neu-
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the environment in a plastic manner through the epigenetic
modiﬁcations of chromatin. These plastic changes may
occur very late in life as the studies outlined above illus-
trate, when adult animals are exposed to drugs, physical
and social stressors or aversive stimuli. Indeed, it has been
demonstrated that even monozygotic twins who share iden-
tical DNA sequences diﬀer with respect to epigenetic regu-
lation of their genes, and that these diﬀerences increase
with age and appear to be related to the degree of discor-
dance in environments experienced by the twins [32]. Sig-
niﬁcantly, however, they may also occur very early in life
during the period of extensive mother–infant interactions
when the brain is developing most rapidly. An extensive
body of research by Michael Meaney and colleagues
reviewed elsewhere and in this volume demonstrates that
the levels of tactile stimulation provided by rat dams in
the form of licking and grooming of pups leads to those
pups developing very diﬀerent phenotypes [14,27]. Those
pups that receive low levels of stimulation develop
increased stress responses, decreased response to reward,
decreased cognitive ability and exhibit lower maternal care
in comparison to pups that receive high levels of tactile
stimulation. This increased stress response has been associ-
ated with decreased expression of glucocorticoid receptors
(GR) in the hippocampus due to a decrease in H3 acetyla-
tion and increase in DNA methylation of the 1–7 exon of
the GR promoter in the hippocampus that contains a
NGFI-A binding site [113]. The decreased levels of mater-
nal care that they themselves exhibit as dams is associated
with a decrease in the number of oxytocin receptors and
estrogen receptor a in the medial preoptic area that are
related to the increased DNA methylation of the ERa pro-
moter in this brain region [15]. Early life experiences can
indeed have long-lasting profound eﬀects upon adult phe-
notype, and these may be mediated via epigenetic modiﬁca-
tions of gene promoters in a brain region speciﬁc manner.
7. Conclusion
Changes in chromatin structure that do not alter the
nucleotide sequence of DNA have played a signiﬁcant role
in all aspects of development. Waddington [110] recognised
‘‘the causal interactions between genes and their products
which bring the phenotype into being” and introduced the
term epigenetics to describe these genome and environmen-
tal interactive events. Mammalian development is particu-
larly noteworthy in this context because of in-utero growth
and placentation which provides a living environment for
the two interacting genomes. This has required both co-
adaptation and a specially tight control over gene dosage
andtranscriptionalregulation to minimise any developmen-
tal irregularities. Inherited monoallelically expressed,
imprinted genes are epigenetically silenced, mainly under
matrilineal control and their haploid dominant expression
ensures such tight control over internal development. The
mammalian brain is specially notable in that it has under-
gone a phase shift in size relative to other vertebrates, and
withinmammalsthemselvesthereisa20-foldincreaseinsize
when controlling for body weight. These increases in size
couldalsopresentaproblemforviviparity,aproblemwhich
has been solved by postponing much of brain growth to the
post-partum period. This in turn has required extended
maternal care which at the same time places the developing
brain in a unique mother–infant social context. For the
developing infant the mother provides the most signiﬁcant
environmental inﬂuence, shaping oﬀspring brain develop-
ment by producing long-term epigenetic modiﬁcations to
neural and behavioural phenotypes. Mothers behaviour is
able to inﬂuence the development of brain regions that are
important in the future regulation of maternal care in their
daughtersandboldnessintheirsons.Thusnon-heritableepi-
genetic modiﬁcations enable long-term stable changes in
neural and behavioural phenotypes in response to environ-
mental experiences. Conceptually these experiences have
much in common with learning and memory, but diﬀer in
the timeframe whereby early life experiences may impact
upon the behavioural phenotype at later periods in life.
In this chapter, we have considered at length the mech-
anisms and phenotypic consequences of heritable and
non-heritable epigenetic changes in DNA and chromatin.
However this represents only the tip of the iceberg, and
there is no doubt that epigenetic mechanisms will, in due
course, be shown to contribute to many psychiatric disor-
ders (schizophrenia, depression, obsessive compulsive
behaviour, traumatic stress, addiction) clinical conditions
(obesity, cancer, neonatal programming in the context of
cardiovascular disease) and stem cell reprogramming. For
more than a decade the screening for genetic polymor-
phisms has attempted to address these conditions, and
there have been many successes which have undoubtedly
increased our understanding. However, these successes
can only explain a very small percentage of the variance.
Take for example, obesity, where several polymorphisms
have advanced our knowledge of the endocrinology,
metabolism and brain circuits for feeding, but these poly-
morphisms account for only 4% of the variance. Similar
ﬁndings apply for schizophrenia where even in genetically
identical twins there is only 50% concordance. Determining
the epigenetic contribution to such human disorders will be
crucial though not necessarily easy as the epigenetic regula-
tion of gene expression will be both developmentally and
regionally speciﬁc within the brain. Therefore, in the near
future, we shall be reliant upon developing animal models
that extend our understanding of these processes.
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